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Abstract 
In Rajasthan, the received solar irradiation is high, however, dry and dusty atmosphere are issues for harnessing of 
solar energy. The high speed wind characteristic of Rajasthan can initiate the saltation process, which in turn removes 
and carries dust from ground and deposit on collecting surfaces, such as, heliostats. This in turn reduces the collection 
and therefore the overall efficiency of concentrating solar thermal system. Dust deposition on flat mirror plates 
depends on various factors like heliostat field density, soil composition, atmospheric condition, mirror orientation, 
wind speed, plate material, height and structure of heliostat etc.  
 
In this article, experiments on dust deposition by wind onto a mirror simulating a heliostat model in wind tunnel are 
presented. Further, the performed analyses of dust deposition on single and multiple heliostats are described. These 
clearly indicate the influence of flow and position of heliostat. Furthermore, the obtained observations indicate a 
possible way of mitigating cleaning effort with localized deposition. 
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Nomenclature (SI System): 
Fd: Aerodynamics drag; 
 Fl : Aerodynamics lift 
Fg: Gravitational force  
Fip : Inter-particle force 
rd , rg and rip: Moment arms 
ρp : Particle density 
 ρa : Air density; 
d: Dust Density 
U: Free stream velocity require to lifting off particles for surface 
u(x,y): Threshold velocity at x distance from leading edge and y 
distance above surface 
Rex: Local reynolds number at x 
 δ(x): Thickness of boundary layer at x 
ui and ωi : Linear velocity and Angular velocity of particle 
respectively 
uf and εi  : Surrounding fluid velocity and local porosity of particle 
arrangement respectively 
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1. Introduction 
Rajasthan receives almost the highest amount of solar radiation in the form of direct normal irradiation 
(DNI) [1]. Rajasthan receives a total energy of about 5-6 kWh/m2 per day. IIT Jodhpur, envisages 
harnessing the solar energy by using heliostat based solar tower technology, as an option, under 
concentrated solar thermal technology.  
Table 1. Soil Composition in Jodhpur [3] 
Soil Type Size (μm) Percentage (%) 
Coarse sand 250 – 1000 10.5 
Fine sand 50 – 250 74.8 
Silt 2 – 50 4.8 
Clay <2 9.9 
 
Rajasthan is a sandy region with a high wind speed. Basic wind speed in Rajasthan (IS 875 Part 3) [2] 
is 47 km/h. Basic wind speed is based on peak gust speed averaged over 3 seconds at a height of 10 m in 
open terrain. Jodhpur has sandy-loamy type of soil (Table 1). During dust storm, the wind speed is much 
higher than this basic wind speed. High wind speed may initiate saltation and even lift dust particles of 
size 30-80 μm and deposit on heliostats. Such depositions are already observed in the installed PV 
modules on the roof-top of IIT buildings. Hence, this is expected on the heliostats surface. The performed 
scanning electron microscope (SEM) based analyses of the deposited dust on the installed roof-top PV 
panel located at IIT Jodhpur is presented in section 2.  It can be inferred from Fig.  1 (as in [4]) that to 
initiate saltation, moment of aerodynamic drag and lift force about a contact point should be greater than 
moment of inter-particle and gravity force. For initiation of saltation: 
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Fig. 1: Forces on dust particles [4] 
 
Drag and lift forces on a particle depend on shape, size of particles and porosity of particle 
arrangements [5, 6, 7, 8, 10].  Fig.  1 shows a simple arrangement of three particles, but, in general, sand 
particles form a much complex structure. Its porosity depends on particle shape and forces as in Fig. 1. 
For dry and fine particles the porosity is defined as in [9, 10] for particles of different sizes as in table 1. 
In case of dry sand, total interaction between two particles is the sum of electrostatic forces and Van der 
Waal forces Van der Waal force. Here, the interaction potential between two particles separated by 
distance r is given by Lennard-Jones potential [11]. Yaghoub et al. [13] studied reduction in thermal 
efficiency for parabolic trough due to dust deposition. They showed that an amount of 1.5 mg/m2 
deposited dust can reduce instantaneous performance of collector up to 60%. In a heliostat field, 
deposition is expected to depend on location and arrangement of heliostats in the field, for a given wind 
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direction [9, 14]. Understanding of dust deposition, indeed, is relevant for conditions in Rajasthan, which 
is dry and dusty in nature.  Therefore, cleaning is a major issue in such a region. Based on such 
observations, the current activity aims at: 
x analyses and evaluation of dust deposition on heliostats using experiments and simulation. 
x understanding of the flow based dust deposition process. For simulation, ANSYS-FLUENT software is 
employed. For experiment, ash is used as dust particles, with 20-40μm) in size. 
x understanding the influence of presence of multiple heliostats on dust deposition. 
2. Experiment on Dust Deposition 
As dust particles approach a heliostat, it retards with flow and eventually deposit onto mirror surface 
or heliostat. If wind speed is high enough then it will remove dust from ground and will be carried by 
wind for deposition. At the same time, such a high wind speed is also expected to clean the surface as 
well. This is discussed in final section of this paper. In other words, both, deposition and cleaning effect 
of wind is expected depending on atmospheric condition, among others.  
 
  
Fig.  2: The dust particles as deposited on roof-top PV panel (left) and the employed ash for experiment using (right) Scanning 
Electron Microscope (SEM). 
Fig. 2. shows the analyzed dust and the employed ash size under a SEM. The dust is collected from the 
installed roof-top PV panel located at IIT Jodhpur, Academic Block II. It is clear that the size of deposited 
dust varies between 20-60μm, as expected from table 1, and the employed ash is up to about 40 μm. The 
performed experiment on dust deposition is described in the subsequent sub-sections. 
2.1 Experimental set-up 
In the performed dust deposition experiment, velocity and incoming dust density around heliostats are 
considered. In this experiment, deposition of dust, which is carried by wind is investigated. The dust 
deposition experiments are performed with a flat plane mirror as an approximation to heliostat (Fig. 3.). 
This is placed in a sub-sonic wind tunnel at with an air inlet velocity of 16 m/s, which is close to basic 
wind speed at 10m in an open terrain. Dimension of experimental section of wind tunnel is 500mm 
x140mm x 140mm. The heliostat is inclined at an angle of 25° to horizontal, which is comparable to the 
latitude of Jodhpur. The considered dust is shown in Fig. 2, with density comparable to sand. Heliostat 
models are placed symmetrically in wind tunnel. 
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Table 2. Dimension of heliostat 
Component Dimension (mm) 
Glass Mirror 60x60x3  
Stand 18x6x50 
Base 68x74x20 
 
 
Fig 3. Single heliostat model formed in solid-work software 
2.2. Data collection and analyses 
For analysis of the deposited dust, the experimental heliostat (Fig. 4a) is divided in a grid of 5X5 mm 
(144 blocks), as in Fig. 4b. The density of deposited dust in each block is estimated by image processing 
tool in matlab. Fig. 4c shows an example of the microscopic photo, which is captured for each of the 144 
blocks. Black spot shows the deposited dust. Each picture has 3136 x 2352 pixels. The color of each pixel 
is related to a value with 255 corresponds to white and <255 for darker ones. Deposition density for an 
image is estimated by: 
¦  nxd 2)255(  (7) (2) 
Here, d = dust density; n = no of pixels (3136X2352); x = pixel value of color. For a clean mirror d=0. 
Obviously, higher values of d indicate more deposition of dust in comparison to lower values.
 
 
A 
 
B 
 
C 
Fig.  4: a) Heliostat model which used for experiments, b) Mirror surface (60X60mm) grid (each block 5X5mm), c) Microscopic 
picture of one block of a dusty mirror (pixels 3136X2352). 
2.3. Results 
Experiments are performed with single, double and triple heliostats for various distances between two 
adjacent heliostats. For double heliostat system, experiments are performed for three gaps between 
heliostat, namely, h, 1.5h, 2h. For triple heliostat system, experiments are performed only for h distance, 
as shown in Fig.  8a. An example of the arrangement is shown in Fig. 5. 
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A B C
Fig. 5: a) Heliostat model which used for experiment a): One heliostat, b): Two heliostats, c): three heliostats
Fig. 6 shows that uniform deposition occurred on heliostat mirror in wind tunnel experiment
performed with single heliostat. Further, in Fig. 7 the estimated dust density on 7th horzintal roow and 5th
vertical colum  of Fig. 4b is shown. This confirm that the deposited dust is practially uniform. This
experiment, therefore, serves as a reference for other experiements. The analyzed experimental data with
two heliostat system having h as the gap, where h is the height of heliostat model (7.4 cm), is shown in 
Fig. 8. In comparison to the second heliostat, a relatively uniform deposition of dust is observed on the 1st
heliostat. This is qualitatively similar to that of the single heliostat experimental results.
A B
Fig. 6: a) Dusty mirror surface, b) Contour of dust density..
a b
Fig. 7: The deposited dust density along 7th horizontal row and 5th vertical (Eth) column of Fig. 4b.
On the blocked second heliostat, localized deposition is observed. An asssymetric dust depostion on 
the second heliostat is attributed to fixture and its placement inside the tunnel. Further experiments have
revealed that local deposition may also be related to vortex generation on the sides of mirror. This carries 
dust and deposits onto the mirror edges, as shown in Fig. 8. In the case with heliostat separated by a
distance of about 1.5h the obtained results are comparable to that of Fig. 8, i.e. uniform deposition on the
first surface and non-uniform deposition on the second heliostat. However, as the distance between 
heliostat is further increased to 2h the non-uniformity is not observed in the second heliostat. These
observations clearly indicated the influence of gap between heliostats on dust deposition on its surface.
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Fig. 8: Contour of the deposited dust density on (a) 1st and (b) 2nd heliostat, calculated vortex using CFD (c). 
Further experiments are performed with thee heliostat system with h gap distance between two 
adjacent heliostats as shown in Fig. 9. In this experiment, uniform deposition is observed on the first 
heliostat, which is consistent with single and double heliostat system. Localized dust deposition is 
observed on the second heliostat, which is consistent with the presented two heliostat system. On the third 
heliostat, a similar but suppressed pattern along the edges. 
 
 
A 
 
B 
Fig. 9:  Localized dust deposition on 2nd heliostat (a), dust deposition on 3rd heliosat (b) 
The performed experiments clearly reveal that it may be possible to identify the potential locations of 
depositions on heliostat in a field. This can mitigate the employed cleaning effort of heliostats or any flat 
plate organized in a certain manner (such as, aligned or staggered). Detailed computational fluid 
dynamics (CFD) analyses are performed using ANSYS-Fluent CFD tool for understanding the physics of 
dust deposition in more details. 
3. CFD Modeling 
In order to obtain a more detailed understanding of the dust deposition on flat smooth plate, 
representing heliostat CFD analyses are performed with modelled geometries of single and double 
heliostat system (as shown in Fig. 10). The employed geometric models for CFD analyses are the same as 
the employed experimental geometries. In this tool, continuity and momentum conservation equations are 
solved, which are as follows: 
Continuity Equation 0).(  w
w V
t
&UU  (3) 
Momentum Equation ijpgdt
Vd WUU xx &&&
&
 
(4) 
Here, V is velocity, ρ is fluid density, τij is shear force on plane i in the direction of j. In the presented 
analyses both laminar and Reynolds Averaged Navier Stokes (RANS) based CFD approaches are 
employed. For RANS approach, k-ε based first and Reynolds stress based second order turbulence models 
are employed. Furthermore, first and second order upwind based numerical schemes are employed to 
demonstrate their influence on the calculated values. 
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Fig. 10: The modeled one and three heliost systems for CFD analyses. 
3.1. Mesh and numerical set-up for CFD analyses 
The employed geometries as in Fig. 10 are divided into control volume with an average mesh 
resolution of 2mm, 3mm and 4mm which are referred to as fine, medium and coarse meshes. The type of 
employed mesh is polyhedral in nature, which resolves issues associated with velocity gradients and the 
related convergence. The mesh details are shown in table 4. These are employed for analyzing the 
influence of grid. This clearly reveals that wall functions are employed. 
Table 4. Mesh elements for various mesh size for single and double heliostat system 
Geometry Mesh size Mesh element Avg. Y-Plus Polyhedral Mesh at the simulated Mid plane 
Single 
heliostat 
2 mm 2.5 million 
22 
 
3 mm 1.1 million 
4 mm 0.5 million 
Triple 
heliostat 
2 mm 2.7 million 
24 
 
3 mm 1.2 million 
4 mm 0.6 million 
In the adopted CFD approach continuity, momentum, turbulence kinetic energy (k) and its dissipation 
(ε) is solved with both first and second order accurate numerical scheme as summarized in table 5. For 
details please refer to ANSYS-Fluent user guide. The adopted criteria for convergence are also explained 
in this table.  Average inlet velocity, zero gage pressure gradient and no-slip wall boundary condition is 
applied in the presented simulations. 
Table 5: The adopted numerical set up for the performed CFD analyses 
Equation Scheme (Momentum) Convergence 
Continuity 1st  and 2nd order upwind e-04 
Momentum, k , ε 1st and 2nd order upwind e-03 – e-05 
3.2. Results 
This section deals with the RANS and laminar CFD analyzed results using the described tool. This 
involves the influence of model, grid and numerical scheme on the calculated res results.  Based on 
observations, a set-up is adopted for further validation and application. These are presented in subsequent 
sub-sections. 
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3.2.1. Influence of simulation model, Grid and Numerical set-up 
 The selected single heliostat set-up as in the described wind-tunnel experiment is shown in Fig. 11a. 
At the inlet, an average velocity of 16m/s is applied. Fig. 11b shows that the calculated velocity 
magnitude is, practically, independent of turbulence models. It is expected, as the maximum Reynolds 
number on heliostat surface is 60,000. Fig. 11c clearly reveals that the calculated velocity magnitude is, 
practically, independent of the considered grid resolution. The retardation of velocity magnitude after ~ 
0.05 m is attributed to the obstacle effect of heliostat. For further analyses the medium mesh (with 3mm 
resolution) is adopted. The influence of numerical scheme is observed, especially, after the heliostat as 
expected from the observed complicated flow pattern including vortices etc. However, in view of the 
numerical stability and achieved higher convergence, first order numerical scheme is considered. 
 
 
A  
B 
 
C 
 
D 
Fig. 11: The CFD model (a), velocity magnitude along the centreline showing the influence of turbulence models (b),  grid (c) and 
numerical scheme (d) 
3.2.2. Validation of the adopted CFD set-up 
An experiment is performed in wind-tunnel at IIT Jodhpur with an inlet average velocity of 10m/s for 
validation of the adopted CFD approach, see Fig. 12a. The miniature heliostat is placed at an angle of 900. 
The velocity magnitude is measured at a distance of 8mm, shown as vertical line in Fig. 12a. The 
presented comparison between computed and experimental velocity magnitude is presented in Fig. 12b. 
This shows the following: 
x The calculated velocity magnitude is practically independent of models, as already described and 
consistent with physics. 
x The calculated and experimental values are showing similar behaviour. The calculated values 
over-predict the experimental values, especially, after 60 mm along the vertical direction. The 
reasons are not yet clear and further experiments will be performed. For detailed validation please 
refer to, e.g., [15, 16, 17]. 
 In the subsequent sections the CFD analyzed results will be simply referred as calculated results. 
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Fig. 12: (a)The experimental geometry,  (b) calculated  velocity magnitude  
3.2.3. CFD simulation for single heliostat system 
In this section the calculated results are presented in Fig. 13. In this figure the contour of velocity 
magnitude at a height of about 0.7mm in boundary layer (y+~22-24) and streamline is presented. This 
shows the following: 
x Almost uniform velocity profile in the heliostat in single heliostat system, see Fig. 13a. The 
observed uniform deposition is, therefore, attributed to the uniformity in velocity magnitude, 
among others.  As expected, from heliostat, indeed the first heliostat in two heliostat system also 
reveals uniform velocity and deposition in experiment, see Fig. 13b. 
x Clear non-uniformity in the second heliostat located at a distance of 7.4cm from the first heliostat 
in comparison to the first heliostat may be attributed to non-uniform deposition, see Fig. 13c. 
x Finally, the calculated flow streamline in Fig. 13d attributes the localized deposition of dust at the 
corner.  
 
 
a 
 
 
b 
 
C 
 
D 
Fig. 13: Contour of velocity magnitude (a) in single heliostat system, (b) 1st and (c) 2nd heliostat in two heliostat system, (c) 
streamline showing a plausible cause of deposition along the corner as in experiment. 
4. Conclusion 
This paper presents the performed experiment and analysis towards understanding of dust deposition on a 
heliostat, which is approximated as a plane mirror. The performed experiments in wind tunnel for one, 
two and three heliostat system clearly reveals the influence of heliostat position on dust deposition. Based 
on the presented calculation and analyses it is concluded that velocity distribution and flow pattern 
influences dust deposition, among other, environmental condition. Further experiments and analyses will 
be performed in order to understand the influence of arrangement of heliostat on deposition 
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